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ProliferationDuring development, Met signaling regulates a range of cellular processes including growth, differentiation,
survival and migration. The Met gene encodes a tyrosine kinase receptor, which is activated by Hgf
(hepatocyte growth factor) ligand. Altered regulation of human MET expression has been implicated in
autism. In mouse, Met signaling has been shown to regulate cerebellum development. Since abnormalities in
cerebellar structure have been reported in some autistic patients, we have used the zebraﬁsh to address the
role of Met signaling during cerebellar development and thus further our understanding of the molecular
basis of autism. We ﬁnd that zebraﬁsh met is expressed in the cerebellar primordium, later localizing to the
ventricular zone (VZ), with the hgf1 and hgf2 ligand genes expressed in surrounding tissues. Morpholino
knockdown of either Met or its Hgf ligands leads to a signiﬁcant reduction in the size of the cerebellum,
primarily as a consequence of reduced proliferation. Met signaling knockdown disrupts speciﬁcation of VZ-
derived cell types, and also reduces granule cell numbers, due to an early effect on cerebellar proliferation
and/or as an indirect consequence of loss of signals from VZ-derived cells later in development. These
patterning defects preclude analysis of cerebellar neuronal migration, but we have found that Met signaling
is necessary for migration of hindbrain facial motor neurons. In summary, we have described roles for Met
signaling in coordinating growth and cell type speciﬁcation within the developing cerebellum, and in
migration of hindbrain neurons. These functions may underlie the correlation between altered MET
regulation and autism spectrum disorders.
© 2009 Elsevier Inc. All rights reserved.Introduction
Autism and autism spectrum disorders (ASDs) affect increasing
numbers of children yet the developmental basis of these disorders
remains unclear. Genetic linkage analysis has identiﬁed vulnerability
loci on several different chromosomes (Yang and Gill, 2007). One
commonly reproduced ASD linkage region spans chromosome 7q21-
q36, which includes the MET locus (Gupta and State, 2007). A recent
paper (Campbell et al., 2006) has reported that a speciﬁc variant of the
MET receptor gene is shared by a signiﬁcant number of individuals
with ASDs. The variant allele, a G to C substitution 20 base-pairs
upstream of the MET transcriptional start site, has a highly signiﬁcant
P-value (P=0.000005) in a large sample of 743 families. Campbell et
al. (2006) showed that the variant allele is further enriched in
“multiplex” families with more than one autistic child. In vitro
reporter experiments showed that the variant regulatory elements
drive only 50% of normal transcription levels in mouse neural cells.ology and Anatomy, University
A. Fax: +1 773 702 0037.
ll rights reserved.Further, postmortem studies of autistic patients revealed a signiﬁcant
reduction of MET protein levels within the cerebral cortex (Campbell
et al., 2007), suggesting that disruption of MET signaling contributes
to ASD. The levels of the MET ligand HGF are altered in plasma and
cerebrospinal ﬂuid of autistic patients, providing additional support
for a speciﬁc dysregulation of the MET signaling pathway (Sugihara et
al., 2007; Vargas et al., 2005). In addition to changes in the forebrain,
alterations in hindbrain structures have also been associated with
autism; speciﬁcally, imaging and postmortem studies have revealed
changes in cerebellar structure, and disrupted cerebellar gene
expression has also been associated with ASD (Bauman, 1996; Fatemi
et al., 2002a, 2008; Ritvo et al., 1986). Interestingly, in vitro studies
have shown that the Met ligand Hgf protects cultured rat cerebellar
neurons from cell death (Zhang et al., 2000), while in vivo analysis of a
mouse conditional Met hypomorph has revealed a role in postnatal
cerebellar development (Ieraci et al., 2002). Here we have used the
zebraﬁsh model to investigate how Met signaling functions during
embryonic development of the cerebellum.
The cerebellum develops from the dorsal aspect of rhombomere
(r)1 of the hindbrain, through a series of inductive and patterning
interactions that appear to be conserved between mammals and
79G.E. Elsen et al. / Developmental Biology 335 (2009) 78–92zebraﬁsh (Chizhikov et al., 2006; Foucher et al., 2006; McFarland et al.,
2008; Millen and Gleeson, 2008; Sillitoe and Joyner, 2007; Wurst and
Bally-Cuif, 2001). In mammals the cerebellum forms a laminated
structure composed of an outer molecular layer of interneurons and
glia, an adjacent monolayer of Purkinje cells, a large internal granular
layer and a core containing the deep cerebellar nuclei (Goldowitz and
Hamre, 1998). The basic structure and the cell types of the cerebellum
are largely conserved from mammals to zebraﬁsh, although there is
evidence that deep cerebellar nuclei cells are functionally replaced by
eurydendroid cells in teleosts, including the zebraﬁsh (Bae et al.,
2009; McFarland et al., 2008; Castro et al., 2006; Ito 2006; Ikenaga et
al., 2006, 2005; Ito 2002). In both mammals and zebraﬁsh the
cerebellar cell types initially arise in multiple temporal waves from
two distinct germinative neuroepithelia: the ventricular zone (VZ)
and the upper rhombic lip (URL). In mouse, the VZ cells express the
transcription factor Ptf1a and line the dorsal aspect of the r1 4th
ventricle (Hoshino et al., 2005); they give rise to GABAergic cells,
including deep cerebellar nuclei cells, Purkinje cells, interneurons and
glia (Sillitoe and Joyner, 2007). Postmitotic Purkinje cells migrate
along VZ radial glial ﬁbers to settle within the central monolayer of
the cerebellum (Wang and Zoghbi, 2001). In zebraﬁsh, VZ progenitor
cells also appear to express ptf1a (Bae et al., 2009; Volkmann et al.,
2008) and, although there is no direct evidence, Purkinje cell
precursors likely also originate from the VZ (Bae et al., 2009; Mione
et al., 2008).
The URL cells expressMath1 in mouse, and lie in r1 at the interface
between the dorsal VZ and the roof plate (Wingate, 2001). The mouse
URL gives rise to various non-cerebellar neurons as well as cerebellar
glutamatergic deep cerebellar nuclei cells, unipolar brush cells and the
granule cell progenitors (Englund et al., 2006; Fink et al., 2006;
Machold and Fishell, 2005; Wang et al., 2005). Granule cell
progenitors migrate tangentially over the surface of the cerebellar
primordium to form the mitotically active external granule layer
(Wingate and Hatten, 1999); they then exit the cell cycle and migrate
radially inward to form the internal granule layer. This proliferation
and inward migration of granule cells is in part regulated by signals
from Purkinje neurons (Sillitoe and Joyner, 2007). The zebraﬁsh URL is
spatially patterned in a similar fashion to mammals (Sgaier et al.,
2007; Sgaier et al., 2005), expresses the Math1 ortholog atoh1a
(Koster and Fraser, 2001) and produces similar cell types to
mammalian URL (Koster and Fraser, 2006; Rieger et al., 2008;
Volkmann et al., 2008). Recently, using a stable zebraﬁsh transgenic
line that expresses gata1-GFP in cerebellar granule cell precursors,
Volkmann et al. (2008) demonstrated that granule cell precursors
begin migrating from the URL at 48 h post-fertilization (hpf) and
continue to migrate over several days. In summary, the development
of the zebraﬁsh cerebellum shares many features with that of
mammals, and zebraﬁsh therefore provides a viable model to
investigate the molecular basis of cerebellar development.
In this study we have focused on the role of the Met/HGF signaling
pathway in zebraﬁsh cerebellar development to begin to uncover the
developmental basis of autism. Hgf (hepatocyte growth factor) is a
pleiotropic growth factor that signals through its membrane bound
tyrosine kinase receptor Met (proto-oncogene associated with
cellular metastatic cancer; (Bottaro et al., 1991; Rubin et al., 1993)).
Analyses of mouse Met and Hgf mutants and in vitro studies have
identiﬁed multiple roles for Met signaling during neural development
(Birchmeier et al., 2003). For example, Hgf can act as a chemoat-
tractant, a survival factor or as a mitogen for discrete neuronal
subtypes (Cacci et al., 2003; Ebens et al., 1996; Garzotto et al., 2008;
Giacobini et al., 2007; Ieraci et al., 2002; Maina et al., 1998, 1997;
Maina and Klein, 1999; Powell et al., 2001). Limited functional
analysis of zebraﬁshMet has revealed additional roles inmotorneuron
neurotransmitter selection (Tallafuss and Eisen, 2008), in muscle cell
progenitor migration, in neuromast deposition (Haines et al., 2004)
and in control of liver size (Latimer and Jessen, 2008).Here we show that zebraﬁsh met is an early marker of the
cerebellar primordium, and is later expressed speciﬁcally in the VZ,
while its hgf1 and hgf2 ligand genes are expressed ventral to the
primordium. Using morpholino knockdown we show that Met
signaling is required for normal speciﬁcation of VZ progenitor cells.
Disruption of Met signaling also causes defective granule cell
generation, possibly as an indirect consequence of VZ defects.
Importantly, we demonstrate that proliferation within the developing
cerebellum is signiﬁcantly reduced in Met and Hgf morphants, which
in turn may inﬂuence the generation of various cerebellar cell types.
As alterations in neuronal migration have been implicated in autism,
and Met has been shown to regulate various cell migratory pathways,
we investigated the role of Met in migration of a well-known
hindbrain neuronal population. We ﬁnd that met is expressed
speciﬁcally in facial branchiomotor neurons (FMNs) and is required
for their normal tangential migration within the hindbrain. In
summary, we show that Met signaling is critical for cerebellar
morphogenesis, including normal growth and cell type speciﬁcation,
and plays an important role in hindbrain cell migration. These
ﬁndings validate further consideration of zebraﬁsh as a model for
studying human neurodevelopmental disorders.
Materials and methods
Zebraﬁsh embryo maintenance
Wild-type ﬁsh strain ⁎AB, HuC-GFP transgenic line (Park et al.,
2000), Ptf1a-GFP line (Godinho et al., 2005) and the Islet1-GFP
transgenic line (Higashijima et al., 2000) were used in this study.
Embryos were raised at 28.5 °C and stage-matched based on
morphological criteria (Kimmel et al., 1995). To inhibit pigmentation
embryos were transferred to a solution of embryomedium containing
0.02 mM phenlythiourea (PTU, Sigma) between 18 and 24 hpf.
Hgf2 ligand cloning
A novel zebraﬁsh hgf2 was identiﬁed by analysis of genomic
sequence of Danio rerio obtained from the Ensembl database:
http://www.ensembl.org/Danio_rerio (Ensembl Gene ID:
ENSDARG00000063316 found on chromosome 18). A 2003-bp PCR
fragment was ampliﬁed from 48 hpf embryos and cloned into
pGEM-T (Invitrogen, San Diego): hgf2-forward, GACATGCTCTGCAA-
GACTACCA; hgf2-reverse, GTAGAAGGCCACGTTCACAAA.
Antisense morpholino oligonucleotide microinjections
Embryos were microinjected with 1.5–3 nl of antisense morpho-
lino oligonucleotides (MO: GeneTools, OR) as described (Nasevicius
and Ekker, 2000). MOs targeted to the met untranslated region (Met-
UTR), and to the met translation start site (Met-ATG), were as
described (Haines et al., 2004). We also designed a MO to block met
mRNA splicing at position exon8–intron8 (Met-E8I8: 5′-GGATTTG-
TAAACATGCAAACCTCTG-3′), leading to a truncated Met protein. We
used MOs targeted to the hgf1 translation start site (Hgf1-ATG: 5′-
CATCCACATAATGTCCGATCTCATG-3′) and to block hgf1 mRNA splic-
ing at position exon6–intron6 (Hgf1-E6I6: 5′-AGATGAGGTGATGTCT-
TACCATCTG-3′), leading to a truncated Hgf1 protein.We also usedMO
to block hgf2 mRNA splicing at position exon4–intron4 (Hgf2-E4I4:
5′-CTGGTAAACAATAAACTCACCCTCC-3′), leading to a truncated Hgf2
protein.
Supplementary Table S1 summarizes the concentration of each
MO used (individual and together) to elicit a dose response that leads
to facial motor neuron (FMN) migration phenotypes. This initial
analysis was used to establish appropriate injection parameters for
further phenotypic analysis (see Supplementary Table S2). For the
migration phenotypic analysis we used the concentration of each
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embryos with FMN migration defects. For the cerebellum phenotypic
analysis, Met-UTR and Met-E8I8 MO were injected together at
concentration at which each MO alone had no effect (2.5 mg/ml
each; referred to throughout this study as Met MO-injected embryos
or Met morphants). In addition, for the cerebellum study, individual
Hgf1 or Hgf2 MO injections did not cause a phenotype, while co-
injection of Hgf1-E6I6 (5 mg/ml) and Hgf2-E4I4 (5 mg/ml) MO
resulted in cerebellar phenotypes similar to those obtained with the
Met MO (referred to throughout as Hgf1+Hgf2 MO, double Hgf MO
or HGF morphants). At these concentrations, a range of cerebellar
phenotypic consequences was observed, and we have indicated the
number of embryos showing a severe phenotype where appropriate
in the Results sections. The most severe phenotypic defects may have
resulted in a slight delay in development, although we attempted to
stage match control and morphant embryos based on morphological
criteria.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as described
(Prince et al., 1998). Whole-mount two-color ﬂuorescent in situ
hybridization used FITC- and cy3-plus tyramide reagents (PerkinEl-
mer) following incubation with anti-Dig-HRP (Roche) or anti-
ﬂuorescein-HRP (PerkinElmer) antibodies. The met plasmid (a gift
from Dr. Peter Currie) contains a partialmet gene. The hgf1 plasmid (a
gift from Dr. Dae-Gwon Ahn) contains the full-length hgf1 gene. hgf2
plasmid was digested with SacII and antisense riboprobe was
synthesized using Sp6 RNA polymerase (Promega). Other riboprobes
were used as described: krox20 (Oxtoby and Jowett, 1993), ptf1a
(Volkmann et al., 2008), rora2 (Katsuyama et al., 2007), coe2 (Bally-
Cuif et al., 1998), fgf8 (Foucher et al., 2006), phox2a (Guo et al., 1999),
olig2 (McFarland et al., 2008), shh (Krauss et al., 1993), atoh1a and
atoh1b (Adolf et al., 2004), reelin (Costagli et al., 2002) and pax6a
(Volkmann et al., 2008). Embryos were mounted in glycerol and
photographed using a Zeiss Axioskop microscope and Nikon D1
camera.
Acridine orange staining and immunohistochemistry
Acridine orange (Sigma) staining for cell death was performed as
described (Elsen et al., 2008). Whole-mount immunohistochemistry
was performed as described (McClintock et al., 2001). Primary
antibodies used were the following: anti-GFP (monoclonal, 1:500,
Molecular Probes), anti-Zn5 (monoclonal, 1:10, Molecular Probes,
Eugene), anti-phospho-histone3 (pH3, polyclonal, 1:500, Upstate
Biotechnology) and anti-EphA4 (polyclonal, 1:1000, kind gift from
Dr. David Wilkinson). Secondary antibodies were conjugated to
Alexa Fluor-488 and Alexa Fluor-546 (Molecular Probes). Embryos
were mounted in glycerol and confocal images were acquired using
a Zeiss LSM-510 confocal microscope, and further image processing
was done with ImageJ. Transverse sections were obtained by
embedding stained embryos in Durcupan/Araldite and sectioning
at 5 μm intervals. In addition, sections of about 50 μm were cut
manually with micro-scissors or vibratome sectioned (embedded in
3% agarose).
Imaging, mitotic index and cell counting
Live HuC-GFP ﬁsh were mounted in 0.2% agarose in dorsal view,
and horizontal Z-sections were obtained using a Zeiss LSM510
confocal microscope. Whole-mount embryos labeled with anti-pH3
antibody to detect proliferating cells were counterstained with the
nuclear marker Sytox-green (50 μM, Molecular Probes). Embryos
were mounted in dorsal view and z-sections of the dorsal hindbrains
were collected at 3 μm intervals. Total number of mitotic cells wascalculated through the 60 μm depth covering the cerebellum on both
sides of the cerebellum (dorsal r1). Mitotic index (proliferating cells/
total number of cells) was then calculated for each embryo. Each
individual count of proliferating and total cells was made from three
consecutive 3 μm sections using ImageJ software as previously
described (Elsen et al., 2008), from half of the cerebellum (r1).
Between 22 and 32 specimens were assayed for each experimental
condition. ANOVA tests for comparison of multiple groups were
performed using GraphPad Prism 4.03 software; Pb0.05 was
considered signiﬁcant.Results
Met receptor and Hgf ligands are expressed in the cerebellar primordia
To investigate potential roles of Met signaling in the nervous
system, we analyzed expression of met and its ligands, hgf1 and hgf2,
from gastrulation through neurulation. We found that met is
expressed during gastrulation in the anterior neuroectoderm (data
not shown), while hgf1 and hgf2 expression is excluded from the
neuroectoderm at these early stages (data not shown). By early
neurulation, at 13 hpf,met is expressed at high levels in the forebrain,
dorsal midbrain and in a stripe in medial r1 of the hindbrain (the
dorsal part of which will became the future cerebellum), as well as at
low levels throughout the rest of the hindbrain, and in a gradient from
r7 decreasing along the spinal cord (Figs. 1A–A″). It is also expressed
at high levels in anterior lateral line ganglia and posterior lateral line
ganglia as previously described (Haines et al., 2004). By late
neurulation, at 24 hpf (Figs. 1D–D″ and Supplementary Figs. 1A, A′,
A″ and B),met expression becomes more restricted to speciﬁc areas of
the forebrain, dorsal midbrain, medial part of r1 and spinal cordmotor
neurons.
At 13 hpf, hgf1 ligand (Figs. 1B–B″) is expressed in ventral regions
of the forebrain (arrow in Fig. 1B), at very low levels throughout the
hindbrain and ventral regions underneath the r1 neuroepithelium
(arrows in Figs. 1B′ and B″). Similarly, hgf2 ligand (Figs. 1C–C″)
expression is present at very low levels in the hindbrain and at high
levels in ventral regions surrounding the hindbrain (arrow in Figs. 1C–
C″). At 24 hpf, hgf1 (Figs. 1E–E″) continues to be expressed at low
levels throughout the hindbrain and in ventral tissues surrounding r1
(arrow in Fig. 1E″), and at high levels in pharyngeal arches, while hgf2
(Figs. 1F–F″) is expressed in the dorsal edge of the eye, at low levels in
ventral tissues surrounding the hindbrain, in high levels in pharyngeal
arches and additionally in tissues surrounding the neuroepithelium at
the level of the MHB (midbrain–hindbrain boundary) (arrows in Figs.
1F and F″).
At 48 hpf, met expression in r1 becomes localized to the
ventricular zone (VZ) of the cerebellar primordia (Figs. 1G–I). Double
ﬂuorescent in situ hybridization with met (Fig. 1G) and ptf1a (Fig.
1H), which we are using as a marker for GABAergic Purkinje cell
progenitors, shows some cellular colocalization (arrows in Fig. 1I),
suggesting that met is expressed in the VZ including within a
subpopulation of ptf1a-positive progenitor cells. Double ﬂuorescent
in situ hybridization with met and atoh1a, which we are using as
a marker of glutamatergic granule cell progenitors, shows no
colocalization within the URL (Supplementary movie 1) at any of
the developmental stages analyzed (data not shown). In situ
hybridization with atoh1a (Supplementary Figs. 1B and B′) and
atoh1b (Supplementary Fig. 1C) shows dorsal expression of these
genes in the URL, while met expression is excluded from this region.
We were unable to detect expression of met or hgf in the cerebellar
primordium after 48 hpf. The early expression patterns of zebraﬁsh
met within r1 and hgf1 and hgf2 ligands within tissue surrounding
r1 suggest that Met signaling may function during early cerebellar
development.
Fig. 1. Zebraﬁshmet receptor and hgf1 and hgf2 ligand expression patterns in the nervous system. (A–F) in situ hybridization revealing expression ofmet receptor (A–A″ and D–D″),
hgf1 ligand (B–B″ and E–E″) and hgf2 ligand (C–C″ and F–F″) at 13 hpf (A–C ″) and 24 hpf (D–F ″) in dorsal (A–F), lateral (A′–F′) and transverse views (A″–F″). krox20 expression (red in
A–C′) marks rhombomere (r) 3 and r5. At 13 hpf,met (A–A″) is expressed at high levels in the forebrain, dorsal midbrain, a stripe in r1 and in a gradient starting in r7 that tapers off
towards the posterior part of the spinal cord.met is also present at low levels throughout the hindbrain. At 24 hpf,met (D–D″) continues to be expressed in the forebrain regions, eyes,
dorsal midbrain, dorsal r1 and in a gradient from r7 towards the posterior, as well as in the anterior and posterior lateral line ganglia, and motor neurons of the spinal cord. At 13 hpf,
hgf1 (B–B″) is expressed in the ventral regions of the forebrain (arrow in B), and at low levels throughout the hindbrain, in ventral regions surrounding r1 (arrow in B′ and B″), while
hgf2 (C–C″) is expressed in low levels in the hindbrain and in ventral regions surrounding the hindbrain (arrow in C, C′ and C″), including r1. At 24 hpf, hgf1 (E–E″) is expressed at low
levels throughout the hindbrain, in ventral tissues surrounding r1 and in pharyngeal arches, while hgf2 (F–F″) is expressed in the dorsal eye, ventral tissues surrounding the hindbrain
and in tissues surrounding theMHB (arrow in F and F″). (G–I) Confocal images of double ﬂuorescent in situ hybridizationwithmet (G) and ptf1a (H) in dorsal view, anterior to the left,
at 48 hpf, showing colocalization of the two transcripts in a small number of cells (arrows in I, merged) in the VZ (arrows in G and H) of the cerebellum (outlined in G–I). r5,
rhombomere5; r1, rhombomere1; r7, rhombomere7; allg, anterior lateral line ganglia; pllg, posterior lateral line ganglia;mn,motor neurons;MHB,midbrain–hindbrain boundary; VZ,
ventricular zone. Scale bar, 50 μm.
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neuronal differentiation
A previous functional study in mouse (Ieraci et al., 2002) has
shown that Met signaling is required for the proliferation of granulecell precursors, and this proliferation defect was associated with a
reduced size of the cerebellum and foliation defects. We have
investigated the function of Met signaling in zebraﬁsh cerebellum
development by knocking down bothMet receptor and Hgf (Hgf1 and
Hgf2) ligand activity independently using antisensemorpholino (MO)
Fig. 2. Abnormal cerebellar morphology and reduction of differentiated neurons in Met
signaling morphants. (A–C) Lateral bright-ﬁeld view of 48 hpf embryos illustrating the
orientation of horizontal confocal sections shown in panels (D)–(I′) (d, dorsal) and
(mv, mid-ventral) in (A) control, (B) Met morphants and (C) Hgf double morphants
(Hgf1+2 MO). Anterior is to the left in all panels and dorsal up in (A)–(C). (D–I′)
Horizontal confocal sections, dorsal view, through the midbrain and hindbrain in live
48 hpf HuC-GFP-positive embryos imaged in dorsal positions (D–F′) and mid-ventral
positions (G–I′) in controls (D, D′, G and G′), Met morphants (E, E′, H and H′) and
Hgf1+2 double morphants (F, F′, I and I′). Bright-ﬁeld and ﬂuorescence images were
merged to show the presence of Hu-positive cells away from the proliferative zone (D′,
E′, F′, G′, H′ and I′). The number of HuC-positive newly differentiated neurons is
reduced in Met morphants (E and H) and Hgf double morphants (F and I) compared to
controls (D and G). Cerebellar regions are indicated by white brackets (D–I), and dorsal
cerebellar midline fusion is highlighted by a black line indicating the degree of
morphological change (D′–I′) in Met morphants (E′ and H′) and Hgf double morphants
(F′ and I′) compared to controls (D′ and G′). cb, cerebellum. Scale bar, 50 μm.
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at 72 hpf, but died shortly thereafter, probably due to disruption of
other developmental processes. Using HuC-GFP transgenic embryos
to mark newly differentiated neurons (Park et al., 2000), we found
that Met morphants showed a reduction in the number of newly
differentiated cerebellar neurons at 48 hpf (17/22), both in more
dorsal positions (Fig. 2E) and mid-ventral positions (Fig. 2H), in
comparison to control embryos (Figs. 2D and G, n=18). Hgf double
morphants showed a similar phenotype (Figs. 2F and I). Similar
reductions in differentiated neurons were observed at 72 hpf (data
not shown). Knockdown of Hgf1 or Hgf2 independently did not affect
the generation of HuC-GFP-positive neurons, suggesting a redundant
role in cerebellar development. Further phenotypic analysis was
therefore performed on double Hgf1+Hgf2 knockdown specimens
(termed Hgf MO or Hgf morphants hereafter).
Morphological analysis of the cerebellar primordia in the hori-
zontal plane at dorsal and mid-ventral positions (illustrated in Figs.
2A–C, lateral view) indicated that dorsal cerebellar folds are not
completely fused in Met morphants (Figs. 2E′ and H′) and to a lesser
extent in Hgf morphants (Figs. 2F′ and I′) at 48 hpf and at 72 hpf (data
not shown) compared to controls (Figs. 2D′ and G′). Taken together
our results are consistent with the hypothesis that Hgf ligands signal
through theMet receptor to control cerebellarmorphogenesis and the
generation of HuC-GFP-positive newly differentiated neurons derived
from the URL, the VZ or both.
Met signaling is required for speciﬁcation of a subset of VZ-derived
neurons
To establish the speciﬁc population(s) of cerebellar neurons
affected by Met signaling disruption we used additional marker
analysis. As expression ofmet and ptf1a shows close juxtaposition and
some overlap in the VZ, we investigated whether ptf1a expression
was altered in Met signaling morphants. Recent studies have revealed
that the mouse Ptf1a transcription factor is required for speciﬁcation
and survival of progenitors of all cerebellar GABAergic neurons,
including Purkinje cells, in the VZ (Hoshino et al., 2005; Pascual et al.,
2007). The function of zebraﬁsh Ptf1a has not been investigated, but
its expression pattern suggests a conserved role in cerebellar
GABAergic neuron development. ptf1a expression in the zebraﬁsh
cerebellum starts at 24 hpf in a restricted domain in the posterior
lateral regions of r1, and its expression is initiated correctly in the
cerebellar primordia of both Met and Hgf morphants (data not
shown). By contrast, at 48 hpf, when ptf1a expression extends
throughout the entire VZ of r1, including the most anterior region in
the dorsal midline (arrows in Figs. 3A and D), anterior ptf1a
expression is speciﬁcally lost in Met morphants (23/29, arrows in
Figs. 3B, E and E′) or Hgf morphants (21/28, arrows in Figs. 3C, F and
F′). This loss is maintained at 72 hpf, when neurons within the VZ
begin to differentiate, both in Met morphants (19/21, arrow in Fig.
3H) and Hgf morphants (24/32, arrow in Fig. 3I), compared to control
embryos (n=29, arrow in Fig. 3G). The expression of ptf1awithin the
remainder of the cerebellum at 72 hpf is reduced in Met and Hgf
morphants. By contrast, there is a slight increase in ptf1a expression
within the remainder of the hindbrain, suggesting that Met signaling
plays different roles in regulating the development of ptf1a-positive
cells at different anterior–posterior levels. In summary, given the
expression ofmetwithin a subpopulation of ptf1a-positive progenitor
cells within the VZ, our results suggest that Met signaling is necessary
for development of a subpopulation of ptf1a-positive progenitors,
particularly within the medial/anterior region of the VZ.
We also analyzed expression of markers of differentiated VZ-
derived neurons (Katsuyama et al., 2007). We could not use the
classic Purkinje cell marker ZebrinII/AldolaseC (Brochu et al., 1990;
Lannoo et al., 1991a,b; Meek et al., 1992) because Met signaling
morphants do not survive beyond 72 hpf. However, we were able to
Fig. 3. Altered expression of ventricular zone derivative markers in Met signaling morphants. Dorsal (A–C and G–L) and transverse views (D–F′ and M–O′) taken at the level of the
cerebellum of control (A, D, D′, G, J, M and M′), Met morphants (B, E, E′, H, K, N and N′) and Hgf morphants (C, F, F′, I, L, O and O′) at 48 hpf (A–F′) and 72 hpf (G–O′) showing
expression of ventricular zone (VZ) progenitor marker ptf1a (A–I), and of Purkinje cell marker rora2 (J–O′) in the cerebellum. At 48 hpf, ptf1a expression in the dorsal midline region
of the cerebellum is missing in Met morphants (arrows in B, E and E′) and in Hgf morphants (arrows in C, F and F′) compared to controls (arrows in A, D and D′). Similarly, at 72 hpf,
ptf1a expression in the dorsal midline region of the cerebellum continues to be absent inMetmorphants (arrow in H) and Hgf morphants (arrow in I) compared to controls (arrow in
G). In addition, at 72 hpf, expression levels of ptf1a in the rest of the cerebellum is down-regulated in Met and Hgf morphants (H and I) compared to controls (G). Neuroepithelium is
outlined with a broken line in (D)–(F′). The boxed region in D–F is shown at higher magniﬁcation in (D′)–(F′). At 72 hpf, the expression of Purkinje cell marker rora2 in the entire
cerebellum, including the dorsal midline region of Met morphants (K, N and N′) and Hgf morphants (L, O and O′) is signiﬁcantly reduced compared to the expression in the
cerebellum of control embryos (J, M and M′). The boxed region in M–O is shown at higher magniﬁcation in M′–O′. morphants, MO (morpholino) injected embryos; cb, cerebellum.
Scale bar, 50 μm.
83G.E. Elsen et al. / Developmental Biology 335 (2009) 78–92use two earlier markers of VZ progenitors, rora2 and coe2. In
mouse, the RORα gene (coding for retinoic acid-related orphan
nuclear receptor alpha) is expressed in postmitotic Purkinje cells.
Analyses of the spontaneous mouse mutant staggerer, and of mice
with a mutation of the RORα gene, show cerebellar atrophy due to
death of both Purkinje and granule cells (Doulazmi et al., 2001;
Dussault et al., 1998; Gold et al., 2003, 2007; Hamilton et al., 1996;
Steinmayr et al., 1998; Vogel et al., 2000). In zebraﬁsh, rora2 is up-
regulated in a stripe in the cerebellum at 72 hpf, and is strongly
expressed in adult Purkinje cells (Katsuyama et al., 2007),
suggesting a conserved role in Purkinje cell development. Our insitu analysis of rora2 expression in Ptf1a-GFP transgenic ﬁsh
conﬁrms early expression in the VZ (Supplementary Fig. 2). We
found that rora2 expression was severely reduced in the cerebellum
of 72 hpf Met morphants (29/37, Figs. 3K, N and N′) and Hgf
morphants (23/33, Figs. 3L, O and O′) compared to control embryos
(n=27, Figs. 3J, M and M′). Transverse sections conﬁrm that
cerebellar rora2 expression was dramatically down-regulated in
Met (Fig. 3N′) and Hgf (Fig. 3O′) morphants, including in the dorsal
midline region, although tissue integrity is maintained in this
location. This reduction of rora2 expression reveals a loss of VZ-
derived progenitor cells in embryos deﬁcient for Met signaling.
84 G.E. Elsen et al. / Developmental Biology 335 (2009) 78–92Early B-cell factor 2 (EBF2) is one of four mammalian members
of an atypical helix-loop-helix transcription factor family (COE) that
is speciﬁcally expressed in the Purkinje cells. The number of
Purkinje cells in Ebf2 null mice is markedly decreased, resulting in a
small cerebellum (Croci et al., 2006). We ﬁnd that expression of
zebraﬁsh coe2 (the zebraﬁsh ortholog of Ebf2) in presumed Purkinje
cells (Bally-Cuif et al., 1998) is also reduced in Met and Hgf
morphants (Supplementary Figs. 3A–C and data not shown). By
contrast, the olig2 gene marks a distinct subset of VZ neurons,
thought to correspond to eurydendroid cells (Bae et al., 2009;
McFarland et al., 2008), the principal efferent neurons of the teleost
cerebellum. At 48 hpf and 72 hpf, cerebellar expression of olig2 is
unaltered in Met or Hgf morphants (Supplementary Figs. 3D–F and
data not shown). This ﬁnding suggests that Met signaling selectively
regulates the generation of speciﬁc subtypes of VZ-derived cells and,
assuming conservation of marker gene expression between Purkinje
cells of mouse and zebraﬁsh, is speciﬁcally required for Purkinje cell
development.Fig. 4. Altered expression of upper rhombic lip derivative markers in Met signaling morphan
and G′–I′) of control (A, D, D′, G and G′), Met morphants (B, E, E′, H and H′) and Hgf double
atoh1a (A–C), pax6a (D–F′) and reelin (G–I′) in the cerebellum (cb), marked with brackets. T
morphants (B) and Hgf morphants (C) compared to controls (A). In contrast, the expressio
disrupted in Met morphants (E and E′ and H and H′, respectively) and Hgf morphants (F and
Arrows in control embryos indicate the expression in cerebellar region (D), including expres
arrows in the Met morphants and Hgf morphants point to the absence of granule cell ma
respectively) and transverse sections (E′ and H′ and F′ and I′, respectively). The regions of t
pax6a-positive (D′–F′) and reelin-positive (G′–I′) at 72 hpf and are not affected in Met signa
rhombic lip; cb, cerebellum. Scale bar, 50 μm.Met signaling inﬂuences the development of cerebellar granule cells
We next wanted to determine whether Met signaling plays any
role in differentiation or localization of granule cells. Cerebellar
granule cell precursors arise from a restricted pool of primary
progenitors in the upper rhombic lip (URL). Our expression analysis
indicates that met is speciﬁcally expressed in the VZ but is excluded
from the URL (Fig. 1). However, several studies in mice have shown
that Purkinje cells are necessary for granule cell proliferation (Caddy
and Biscoe, 1979; Herrup, 1983; Sidman et al., 1962); mouse Purkinje
cells express the mitogen Shh, and genetic studies have shown that
this signaling pathway is critical for granule cell proliferation and for
cerebellar morphogenesis (Corrales et al., 2006, 2004; Lewis et al.,
2004).
We ﬁrst analyzed the expression of zebraﬁsh atoh1a, the ortholog
of the mouse Math1 gene, which encodes a basic helix-loop-helix
transcription factor required for speciﬁcation and differentiation of
granule cells (Ben-Arie et al., 1997; Machold and Fishell, 2005; Wangts. Dorsal (A–F and J–L) and transverse views taken at the level of the cerebellum (D′–F′
morphants (C, F, F′, I and I′) at 24 hpf (A–C) and 72 hpf (D–I′) showing expression of
he expression of atoh1a in the granule cell progenitors in the URL is not affected in Met
n of markers of differentiated granule cells, pax6a (D–F′) and reelin (G–I′), is severely
F′ and I and I′, respectively) compared to controls (D and D′ and G and G′, respectively).
sion in dorsal and ventrolateral domains in transverse sections (D′ and G′). In contrast,
rker expression in both dorsal regions and in ventrolateral regions in dorsal (E and F,
he midline at the level of the 4th ventricle and the two lateral stripes of radial glia are
ling morphants (E′, F′, H′ and I′) compared to control embryos (D′ and G′). URL, upper
85G.E. Elsen et al. / Developmental Biology 335 (2009) 78–92et al., 2005). The expression and distribution of atoh1a in the URL of
Metmorphants and Hgf morphants is unchanged compared to control
embryos (Fig. 4A) at 24 hpf (Figs. 4A–C) and 48 hpf (Supplementary
Figs. 4A and B). In addition, the expression and distribution of atoh1b
in the URL of Met morphants is similarly unaltered compared to
controls embryos at 24 hpf (Supplementary Figs. 4C and F″). The
results suggest that Met signaling is not required for the speciﬁcation
of URL derivatives. Further, we assayed expression of phox2a, which
encodes a paired homeodomain protein required for differentiation of
locus coeruleus noradrenergic neurons thought to derive from the
dorsal anterior hindbrain (Guo et al., 1999; Lin et al., 2001). We found
that expression of phox2a is unaffected in Met and Hgf morphants
compared to controls (Supplementary Figs. 5A and F). The migration
of phox2a-positive neurons from the dorsal anterior hindbrain to
ventral r1 was slightly delayed at 24 hpf in Met and Hgf morphants,
but by 48 hpf these neurons completed their migration. Thus, the URL
forms properly and is able to establish URL progenitor cell types
within the developing cerebellum of Met signaling-deﬁcient embryos.
By contrast, at 72 hpf, the expression of pax6a, which encodes a
homeodomain transcription factor that marks differentiated granule
cells derived from theURL (Volkmann et al., 2008), is markedly reduced
in bothMetmorphants (25/33, Fig. 4E) and Hgfmorphants (17/25, Fig.
4F) compared to control embryos (n=31, Fig. 4D). Transverse sections
through the cerebellumofMetmorphants (Fig. 4E′) and Hgfmorphants
(Fig. 4F′) show the absence of both dorsal and ventral (arrows)
expressionof pax6a in granule cell progenitors. Similarly, the expression
of the extracellularmatrixmolecule reelin in differentiated granule cells
of the cerebellum in zebraﬁsh (Costagli et al., 2002; Foucher et al., 2006)Fig. 5. Met signaling is required for cerebellar proliferation. (A–C) Dorsal longitudinal confo
confocal sections of posterior midbrain and anterior hindbrain of 24 hpf embryos of contro
illustrating total proliferation in the cerebellum (A–C), cerebellar proliferation within a con
confocal section counterstained with Sytox Green (E′–G′). Compared to controls (A), Met an
regions marked by brackets and outlined by the broken line. The graph (D) represents the
decrease in global proliferation in the morphants compared to controls. The graph (H) rep
cerebellum showing a signiﬁcant decrease in the mitotic index of morphants compared to
number of embryos assessed per experimental condition; asterisks in panels (D) and (H) inis reduced in Met morphants (27/35, Fig. 4H) and Hgf morphants (17/
26, Fig. 4I) compared to control embryos (n=29, Fig. 4G) at 72 hpf, both
in dorsal locations and in the ventral regions (arrows in transverse
sections in Figs. 4G′, H′ and I′). Recent time-lapse studies in zebraﬁsh
have shown that granule cell progenitorsmigrate tangentially out of the
URL at around48hpf towards themidbrain–hindbrain boundary (MHB)
(Volkmann et al., 2008). A subpopulation of these neurons, originating
froma lateral location of theURL, continues tomigrate along theMHB to
form the ventrolateral cluster that later gives rise to eminentia
granularis in the adult zebraﬁsh (Volkmann et al., 2008). Our
observation of disrupted granulemarker gene expression in both dorsal
and ventral regions suggests that Met signaling is necessary for the
development of granule cells within all cerebellar subdivisions. The
reduction in granule cell populations in Met signaling morphants may
reﬂect an indirect role for Met signaling in proliferation, differentiation
or migration of these neurons. These defects are unlikely to be a
consequenceof alteredpatterningof the cerebellum in response toMHB
signals, as fgf8 expression in the MHB is unaffected in Met signaling
morphants at 24 hpf (data not shown). Rather, we suggest that, as in
mouse, proper development of granule cell progenitors requires signals
from VZ cells; disruption of VZ derivatives in Met signaling morphants
thus leads to a disruption in granule cell development.
Cerebellar proliferation is disrupted in Met signaling morphants
Analysis of Met mutant mice has shown that this signaling
pathway regulates proliferation of granule cell progenitors in the
postnatal cerebellum (Ieraci et al., 2002). Our observations ofcal images (z-projections at maximum intensity) and (E–G′) single dorsal longitudinal
l (A, E and E′), Met morphants (B, F and F′) and Hgf double morphants (C, G and G′)
focal section marked by anti-PH3 antibody in red (E–G) and cerebellar nuclei within a
d Hgf double morphants (B and C) showed reduced total mitotic cells in cerebellar (cb)
quantitative analysis of total cerebellar proliferative cells, showing a highly signiﬁcant
resents the quantitative analysis of the mitotic index (mitotic cells/total cells) in the
controls. Bars represent the combined results of two independent experiments. n, the
dicate signiﬁcant statistical difference compared to controls. Scale bar, 50 μm.
Fig. 6. Expression ofmet receptor and hgf1 and hgf2 ligand in the facial motor neurons (FMNs). (A–C) Dorsal view and (A′–C′) transverse views at the level of r5 in the hindbrain of
33 hpf embryos showing mRNA expression ofmet receptor (A and A′), hgf1 ligand (B and B′) and hgf2 ligand (C and C′).met receptor is expressed in themigratory FMNs (arrows in A
and A′) in the ventral hindbrain, while hgf1 and hgf2 ligands are expressed in ventral tissues surrounding the hindbrain in regions where FMNs migrate towards the posterior
hindbrain (arrows in B′ and C′, respectively). In addition, hgf1 and hgf2 ligands are expressed in pharyngeal arches, ventrolateral to the hindbrain (arrows in B and B′ and C and C′,
respectively). White lines in (A)–(C) indicate the position at which transverse sections were obtained (A′–C′). (D–F) Dorsal confocal sections of 48 hpf Islet1-GFP embryos in the
hindbrain regions showing colocalization (in F) ofmetmRNA (E) with GFP antibody in green (D) in the VII nerve and in the X nerve. White arrows in (F) indicate the presence ofmet
transcripts in other population of hindbrain cells. (G–I) Dorsal confocal sections of 48 hpf Isl1-GFP embryos in the hindbrain regions double stainedwith GFP antibody in green (G) and
Zn5 antibody, which recognizes zebraﬁsh DM-GRASP, a cell adhesion molecule, in red (H) in the abducens motor neurons (VI nerve). Colocalization of GFP and Zn5 antibodies (in I)
identiﬁes the population of met-positive neurons as the abducens motor neurons; neurons also indicated by white arrows in (F) and (I). FMNs, facial motor neurons; V, trigeminal
motor neurons of the V nerve; VII, facial motor neurons of the VII nerve; X, vagal motor neurons of the X nerve; VI, abducens motor neurons of the VI nerve. Scale bar, 50 μm.
86 G.E. Elsen et al. / Developmental Biology 335 (2009) 78–92reduced numbers of HuC-positive postmitotic neurons (Fig. 2), as
well as reduced numbers of VZ-derived neurons and granule cell
progenitors, together with a general reduction in size of the
cerebellar anlage, suggested that proliferation might similarly be
deﬁcient in Met signaling morphants. We therefore analyzed total
cerebellar proliferation and rate of proliferation in the cerebellar
region using pH3 (phosphohistone3) antibody, which marks cells in
the M-phase of the cell cycle, and Sytox Green, which marks all
nuclei. We found that at 24 hpf, when cerebellar cells undergo
extensive proliferation, the number of pH3-positive cells along the
DV aspect of the cerebellar anlage was reduced by 60% in Met
morphants (Figs. 5B and D) and by 62% in Hgf morphants (Figs. 5C
and D) compared to controls (Figs. 5A and D). In addition, the rate ofFig. 7. Met signaling is required for FMN migration. The disposition of FMNs is visualized
antibody in green (A–F) to detect branchiomotor neurons and EphA4 antibody in red (A′–
confocal ﬂuorescence images of the hindbrain in dorsal view (A–F); anterior is to the left. r
embryos (A and A′), all FMNs have completed their migration and settled in r6. In contrast, i
their migration to r6 and remain in r4 and r5. In Hgf1 morphants (C and C′, Hgf1 MO, 5 mg/
Similarly, in Hgf2 morphants (D and D′, Hgf2 MO, 5mg/ml), some neurons completed their m
and Hgf2 MO (E and E′, each at 2.5 mg/ml) led to a higher percentage of FMNs that failed to c
ml (B and B′ and C and C′). In addition, microinjection of Hgf1 and Hgf2 MO (F and F′, each
failing to exit r4 and r5, a phenotype that closely resembles that observed in Metmorphants (
for each of the conditions mentioned in (A)–(F). Scale bar, 50 μm.cerebellar proliferation (mitotic index) was reduced in Met mor-
phants by 45% (Figs. 5F, F′ and H) and in Hgf morphants by 54%
(Figs. 5G, G′ and H) compared to controls (Figs. 5E, E′ and H). We
have also noted a decrease in proliferation within the midbrain and
other hindbrain regions posterior to the cerebellum, consistent with
the expression of met receptor gene within these regions. We used
acridine orange staining to assess whether cell death also contrib-
uted to the morphant phenotype, and found only a slight increase in
cell death throughout the CNS of both Met and Hgf morphants
(Supplementary Figs. 6A–C). We conclude that Met signaling is
required for proper neural proliferation in the cerebellum, and may
also play a minor general role in survival of CNS cells, as previously
reported in mouse (Maina et al., 1997; Xiao et al., 2001).using 48 hpf Islet1-GFP (Isl1-GFP) transgenic embryos (A–F) double labeled with GFP
F′) as a landmark of r3 and r5 to identify the position of FMNs at 48 hpf. (A–F) Dorsal
6 (the ﬁnal destination of all FMNs at 48 hpf) is labeled in all panels (A–F). In control
n Met morphants (B and B′, Met MO, 5 mg/ml), the majority of FMNs did not complete
ml), only a few FMNs did not complete their migration, while the majority reached r6.
igration to r6, while others failed to exit r4 and r5. Simultaneous microinjection of Hgf1
omplete their migration to r6 than when each Hgf MOwasmicroinjected alone at 5 mg/
at 5 mg/ml) led to a more drastic migration phenotype with the majority of the FMNs
B and B′). The graph in G shows the percentage distribution of FMNswithin r4, r5 and r6
87G.E. Elsen et al. / Developmental Biology 335 (2009) 78–92Met signaling is required for normal facial motor neuron (FMN)
migration
As Met signaling in zebraﬁsh has previously been shown to play a
role in migration of both mesoderm cells and lateral line neurons(Haines et al., 2004), we wondered whether Met signaling might
similarly be required for cell migration in the hindbrain. Unfortu-
nately, the cell migratory pathways in the zebraﬁsh cerebellum are
not well characterized. Additionally, the severity of the patterning
defects in the cerebellum of Met signaling morphants precludes
88 G.E. Elsen et al. / Developmental Biology 335 (2009) 78–92analysis of migratory phenotypes in this region, although we cannot
exclude the possibility that Met signaling may play a role in cerebellar
cell migration. However, as the expression of met in the hindbrain is
not limited to the cerebellum we asked whether Met signaling might
play a role in migration of other migratory hindbrain cell types.
Interestingly, we found that met is expressed in the facial motor
neurons (FMNs) of the VIIth nerve (arrows in Figs. 6A and A′) during
stages when these neurons are migrating within the hindbrain
(Chandrasekhar, 2004). In addition, hgf1 (Figs. 6B and B′) and hgf2
(Figs. 6C and C′) expression is present at low levels throughout the
hindbrain, as well as in ventral tissues underlying the migrating met-
expressing FMNs (arrows in Figs. 6B′ and C′, respectively). Note that
hgf1 and hgf2 transcripts are also highly up-regulated in the
ventrolateral pharyngeal arches (arrowheads in Figs. 6B and B′ and
Figs. 6C and C′, respectively). The stereotypical migration of the FMNs
can be visualized using a transgenic line in which GFP is under control
of islet1 regulatory elements (Islet1-GFP ﬁsh; (Higashijima et al.,
2000)). FMNs are born in hindbrain rhombomere (r) 4 at around
18 hpf, begin to migrate shortly thereafter and settle in r6 by 48 hpf
(Figs. 6D and G). The met gene (Figs. 6E and F) is expressed at high
levels within the FMNs during thismigratory phase, starting at around
25 hpf and continuing through 48 hpf; met is also expressed in vagal
motor neurons of the Xth nerve. Co-labeling with Zn5 antibody (DM-
GRASP immunostaining) (Fig. 6H) revealed thatmet is also expressed
in the stationary r5 and r6 abducensmotor neurons (arrows in Fig. 6I).
In summary, zebraﬁsh met is expressed in a migratory population of
cells within the hindbrain (FMNs), while hgf1 and hgf2 ligands are
present in tissues surrounding these cells during their migratory
phase, suggesting that their interaction regulates the migration
behavior of these neurons.
Unlike the situation in the cerebellum, where Met signaling
regulates neuronal speciﬁcation, disruption of Met signaling did not
affect the speciﬁcation of FMNs at 16 hpf (data not shown) in accord
with a later expression onset in these cells. Similarly, the number of
neurons at 48 hpf was not affected (Fig. 7). We ﬁrst assayed the
migration defects resulting from knockdown ofMet and Hgf at various
concentrations (Supplementary Table 1). Next, we performed a more
detailed analysis of the migration phenotypes by determining the
number of FMN cell bodies present within each rhombomere (r4, r5
and r6). Supplementary Table 2 and Fig. 7G summarize FMNmigration
phenotypes in response to Met signaling knockdown using MO at
different concentrations. Figs. 7A–F′ shows double labeling of 48 hpf
Isl1-GFP embryos with GFP antibody to visualize the distribution of
FMNs and EphA4 antibody to mark r3 and r5. In control embryos, all
FMNs complete their migration to r6 (Figs. 7A and A′, Supplementary
Table 2, Fig. 7G). By contrast, we found that Met morphants or double
Hgf morphants showed a signiﬁcant block to FMN migration, with
approximately 60% of neurons failing to reach r6 (Figs. 7B and B′ and E
and F′, Supplementary Table 2, Fig. 7G). Individual knockdown of Hgf1
and Hgf2 showed a mild migration phenotype indicating a redundant
function in FMN migration (Figs. 7C and C′ and D and D′,
Supplementary Table 2 and Fig. 7G). We conclude that similar to its
roles in zebraﬁsh lateral line and mesoderm, Met signaling is also
required for proper posterior migration of hindbrain derived FMNs.
Discussion
Here we show that Met signaling is required for normal
development of the zebraﬁsh cerebellum. In Met signaling-deﬁcient
embryos, the size of the cerebellum is signiﬁcantly reduced,
reminiscent of the phenotype of Met mutant mice (Ieraci et al.,
2002), and suggesting that this signaling pathway plays a role that is
essentially conserved. Notably, the reduced size of the cerebellum in
zebraﬁsh embryos is associated with a reduction in the number of
newly differentiated neurons and a signiﬁcant decrease in early
cerebellar proliferation. VZ neuronal progenitors marked by ptf1a arereduced in Met and Hgf morphants, and the majority of Purkinje cells
deriving from this zone are subsequently lost. Interestingly, although
atoh1a expression, which marks early URL precursors, is unaffected in
the morphants, markers of URL-derived granule cell progenitors are
disrupted, suggesting a secondary role of the Met signaling pathway
in granule cell development. Finally, we show that Met signaling is
also required for migration of FMNs from their origin in r4 to their
ﬁnal destination in r6.
Met signaling regulates zebraﬁsh cerebellar morphogenesis
Previous studies in mouse and rat have shown thatMetmRNA and
protein are localized to the cerebellar external granule layer, which is
made up of granule cell progenitors derived from the URL, while Hgf
protein is present within the Purkinje cells derived from the VZ of the
cerebellum (Honda et al., 1995; Ieraci et al., 2002). By contrast, in
zebraﬁsh we ﬁnd that met expression initiates in presumptive
forebrain during gastrulation, localizes to the cerebellar anlage during
neurulation stages (11–24 hpf) and becomes conﬁned to the VZ
before the onset of neuronal differentiation (48 hpf). In addition, we
detected expression of hgf at very low levels throughout r1 (including
the cerebellum) and at higher levels in ventral regions surrounding r1.
These differences in the patterns of expression of theMet receptor and
Hgf ligand genes between mammals and zebraﬁsh may reﬂect
evolutionary differences in functions of these genes.
An obvious indication of the importance of Met signaling in
zebraﬁsh cerebellar development is the reduced size of the cerebel-
lum in Met signaling morphants. During development of the
vertebrate central nervous system, neurons are generated from
progenitor cells that lie within the proliferative region of the neural
tube (Lyons et al., 2003). In the cerebellum, both the VZ and the URL
are sites of proliferation. We ﬁnd a signiﬁcant global reduction of
cerebellar proliferation along the dorsoventral axis in our Met
signaling morphants. However, we did not observe alterations in
the numbers or distribution of atoh1a- and atoh1b-positive URL cells
at 24 hpf and 48 hpf, suggesting that early cell fate determination of
URL precursors occurs normally in Met signaling morphants, while
the VZ is the primary compartment that is disrupted. Due to the lack of
early molecular markers for the VZ we are unable to assess whether
the VZ is the only structure in which proliferation rates are reduced.
Nevertheless, consistent with disrupted VZ proliferation, we observe a
reduction or loss of expression of the VZ marker ptf1a at 48 hpf,
especially in regions close to the midline. We suggest that the granule
cell defects we ﬁnd in Met signaling morphants may not result from
direct disruption of URL determination, although we cannot exclude
the possibility of an early cell non-autonomous effect on URL
proliferation. The defects suggest a late requirement for proper
signaling from VZ derivatives to granule cell progenitors.
Previous in vitro and genetic studies have shown that Met
signaling is capable of protecting neurons from apoptosis (Maina et
al., 1998, 1997; Xiao et al., 2001; Zhang et al., 2000). Consistent with
these ﬁndings, we have also noted an overall increase in cell death
along the length of the neural tube in Met signaling morphants,
suggesting a role of Met signaling in neuronal survival. This regional
nonspeciﬁc effect on neuronal survival may partially account for the
reduced size of the cerebellum.
We also ﬁnd in Met signaling morphants that the bilateral
cerebellar structures at the dorsal midline do not fuse. We cannot
determine whether these midline fusion defects persist into later
stages, because Met signaling knockdown is lethal at around 72 hpf.
Little is known about the mechanism of midline cerebellar fusion, in
either rodents or zebraﬁsh (Broccoli et al., 1999; Foucher et al., 2006;
Louvi et al., 2003), although Foucher et al. (2006) have suggested a
role for Otx-expressing cells in this process in zebraﬁsh. Our results
suggest that Met signaling may also be involved in dorsal midline
fusion of the cerebellar primordium.
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generation
At 36 and 48 hpf, we ﬁnd Met expression localized to the VZ,
suggesting that Met signaling may play a role in the development of
cells derived from this region. Limited information is currently
available regarding the speciﬁc cell types derived from the zebraﬁsh
VZ. In mouse, Ptf1a is expressed in VZ progenitors and is required
for the speciﬁcation of all VZ GABAergic neurons, including Purkinje
cells (Hoshino et al., 2005; Pascual et al., 2007). In zebraﬁsh, ptf1a is
similarly expressed in the VZ. The met gene is expressed in adjacent
cells within the VZ, and a small proportion of cells co-express met
and ptf1a. We found that ptf1a expression was disrupted in the
absence of Met signaling, particularly in the midline. While the basis
of the enhanced phenotype in the midline relative to more lateral
regions is unclear, it may in part explain the lack of midline fusion
discussed above. Several factors have previously been implicated in
mammalian Purkinje cell migration or survival. The signaling
molecule Reelin and its downstream transducer Dab1 are essential
for the regulation of Purkinje cell migration (Howell et al., 1997;
Sheldon et al., 1997). The atypical helix-loop-helix transcription
factor Ebf2 was also found to be important for Purkinje cell
migration (Croci et al., 2006). Survival of Purkinje cells is mediated
by genes encoding nuclear factors Rorα (Dussault et al., 1998;
Hamilton et al., 1996) and Nna1 (Fernandez-Gonzalez et al., 2002),
and by neurotrophic factors (Larkfors et al., 1996; Mount et al.,
1994). We ﬁnd that zebraﬁsh coe2 and rora2, homologs of the Ebf2
and Rorα markers of differentiated Purkinje neurons, are also
missing or down-regulated in Met signaling morphants, suggesting
that Met activity is required for Purkinje cell development. We
conclude that Met signaling is important for VZ progenitor cell
speciﬁcation and survival, despite limited expression of met
transcripts within ptf1a-expressing progenitors. This may reveal
the importance of signals between subtypes of VZ-derived cells
during the establishment of the ptf1a-progenitor pool.
We found that Met signaling is not required for initial develop-
ment of atoh1-positive cerebellar precursors in the URL at 24 hpf.
However, the generation of cerebellar granule cells expressing pax6a
and reelin is signiﬁcantly reduced in Met signaling morphants at
72 hpf. In addition, we observed a decrease in global proliferation in
the cerebellum, suggesting that multiple mechanisms orchestrating
granule cell development may be affected in Met signaling-deﬁcient
embryos. In mouse, RORα is strongly expressed in mature Purkinje
cells (Hamilton et al., 1996; Ino, 2004; Nakagawa et al., 1997) and
controls their expression of Sonic Hedgehog, which in turn promotes
proliferation of granule cells (Dahmane and Ruiz i Altaba, 1999; Marti
and Bovolenta, 2002; Wallace, 1999; Wechsler-Reya and Scott, 1999).
RORα mutant mice display cerebellar atrophy; thus, RORα functions
in Purkinje cells to indirectly affect the proliferation of granule cells. In
zebraﬁsh, rora2 is similarly expressed in the developing and adult
cerebellum (Katsuyama et al., 2007) suggesting that it may play a
similar role to its murine homolog during cerebellar development.
Interestingly, Shh or Hh downstream signaling genes are not
expressed during cerebellar development in zebraﬁsh (Katsuyama
et al., 2007; McFarland et al., 2008) suggesting that rora2 may
regulate other unidentiﬁed factors that in turn play a role in the
proliferation, migration and/or survival of granule cells. Our ﬁndings
suggest that a consequence of Met signaling knockdown is a
disruption in the communication between developing Purkinje cells
and granule cell precursors, leading to loss or reduced number of
granule cell progenitors.
In summary, our results are in accord with a dual role for Met
signaling during cerebellar development. Met signaling may in
parallel regulate VZ cell type speciﬁcation and neural proliferation
in the cerebellum. Alternatively, Met signaling may simply maintain
all cerebellar cells in a proliferative state, rendering themcompetent to respond to unknown local factors that control cell
speciﬁcation. In this second scenario Met would play a permissive,
rather than instructive, role in the speciﬁcation of cell type. A future
challenge is to identify the downstream effectors of Met signaling
that regulate the various cellular morphogenesis events that shape
the cerebellum.
Met signaling and neuronal migration
Previous in vivo functional studies in mice and various in vitro
studies have demonstrated a role for the Met/Hgf signaling pathway
in regulating neuronal migration (Ebens et al., 1996; Garzotto et al.,
2008; Giacobini et al., 2007; Powell et al., 2001; Segarra et al., 2006).
These ﬁndings, taken together with previous reports of roles for
zebraﬁsh Met signaling in cell migration (Haines et al., 2004), suggest
that proper migration of cerebellar precursors may similarly rely on
Met function. Due to the severity of the patterning defects observed in
the cerebellum of Met signaling morphants we were unable to
distinguish whether migratory defects also contribute to the cerebel-
lar phenotype. Tests of this hypothesis will be assisted by new
transgenic lines marking speciﬁc cerebellar migratory neurons
(Mione et al., 2008; Volkmann et al., 2008).
The speciﬁc expression of the met receptor gene in a subpop-
ulation of migratory neurons within the hindbrain, however,
prompted our investigation of a functional requirement for Met in
neuronal migration. We have shown that Met signaling is an
important component of the molecular guidance system that
regulates rostrocaudal migration of FMNs in the developing
hindbrain. Single knockdowns of individual hgf genes have minimal
impact on FMN migration, suggesting that in this context, as in
cerebellar development, the two zebraﬁsh Hgf ligands are function-
ally redundant. The more drastic FMN migration defects in double
Hgf morphants at higher doses phenocopy those of Met morphants,
consistent with a speciﬁc Met/Hgf interaction in the migrating
neurons. Further support for this idea comes from our analysis of
morphant embryos in which partial knockdown of both Met
receptor and Hgf ligands together (data not shown) was sufﬁcient
to induce migration defects similar to those observed in response to
complete knockdown of either Met or Hgf. The variability of the
phenotype observed in Met signaling morphants implies that
additional signals must be involved in attracting FMNs posteriorly
and/or repelling them from the anterior hindbrain in zebraﬁsh.
Several molecular pathways have been implicated in the posterior
migration of r4-derived FMNs (Chandrasekhar, 2004), suggesting
that Met signaling coordinates with other pathways to control FMN
migratory behavior.
Met signaling and autism
Some of the proposed causes for autism relate to growth, survival
and cell motility during development of several brain structures,
including the cerebellum, essentially cellular events that have been
shown to be mediated by Met signaling (Birchmeier et al., 2003).
Postmortem studies of patients with autism have revealed cerebellar
structural abnormalities that include loss of granular and Purkinje
cells (Bauman and Kemper, 1985; Bauman, 1996; Fatemi et al., 2002a;
Ritvo and Freeman, 1984; Whitney et al., 2008). Moreover, several
studies have shown alterations in cerebella of autistic patients of key
proteins related to apoptosis (BCL-2 and P53) (Araghi-Niknam and
Fatemi, 2003; Fatemi and Halt, 2001; Fatemi et al., 2001), GABAergic
function (GAD65, GAD67 and GABA(B) receptors) (Fatemi et al., 2009,
2002b) and cell guidance (REELIN) (Fatemi, 2002). Although ASD is
primarily a genetic disorder involving multiple genes, insights into
underlying mechanisms will require a multidisciplinary approach,
including deﬁning the molecular and cellular mechanisms by which
each of these susceptibility genes mediate the development of the
90 G.E. Elsen et al. / Developmental Biology 335 (2009) 78–92nervous system in model organisms (DiCicco-Bloom et al., 2006). In
this study we have begun to explore how Met inﬂuences cerebellum
development and have provided evidence that conserved pathways
orchestrate the development of this structure in different vertebrates.
Our work demonstrates that zebraﬁsh is a viable model system for the
future exploration of the underlying molecular and cellular mechan-
isms of various CNS disorders, including autism.
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